Lumbar discography is an invasive diagnostic procedure that involves, under fluoroscopic guidance, the puncturing of a disc for the instillation of iodinated contrast into the nucleus pulposus. This procedure provides direct radiographic information concerning the nuclear morphological features and integrity of the vertebral endplates and anulus. The measured contrast injection allows determination of intradiscal pressures. Measurements of the opening pressures and pressure endpoints, where no further contrast can be injected, as well as the measurements of the associated volumes of contrast injected in the disc, can be used to demonstrate the integrity of the inner and outer anuli. The resulting changes in the volume and pressure produce direct stimulation of the disc. A patient's response to this stimulation is a measure of disc nociception. Therefore, the purpose of this procedure is not only to define the anatomical architecture of the internal disc but to determine whether a particular disc is painful. This provocative response to injection can be useful in identifying the pain generator and assist in the assessment of patients with severe disabling back pain syndromes.
PROVOCATIVE DISCOGRAPHY

Historical Background
Puncture of the intervertebral disc for diagnostic purposes was first performed in Scandinavia by Lindgren, who presented a case of a normal disc injected with contrast in 1941. In 1948 Lindblom 37 was the first to publish in vitro studies on discography; he used a posterior transdural entry with a water-soluble agent. In 1948 Hirsch 30 used this procedure to diagnose the level of painful disc lesions in patients with lumbago and sciatica. Discography was developed at a time when oil-based myelography was associated with an unacceptable high false-negative rate, and discography was viewed as a viable alternative to myelography.
The diagnostic parameter of the procedure was the pain response (provocative disc injection). In the same year, Lindblom, 37 encouraged by the work of Hirsch, 30 modified the technique by injecting contrast material to visualize radial tears of the anulus in the intervertebral discs. The diagnostic criteria were thus expanded to include the radiographic appearance of the disc and patient response to the injection.
Discography was first performed by Wise, et al., 67 in the United States in the early 1950s at the Cleveland Clinic. In the early 1960s, Collis and Gardner 19 reported on 1000 patients and asserted that discography was superior to myelography in the evaluation of lumbar disc disease. Feinberg 20 reported on over 2000 patients, describing patterns on abnormal discograms that remain valid today. Cloward 15, 17 researched discography exhaustively, used it extensively, and published results obtained in thousands of cases. In fact, Cloward's efforts provided one of the precipitating forces in the evaluation of cervical discography. 16 Many of these physicians and others considered anular tears to be significant lesions, and back and leg pain could not be explained by nerve compression alone.
Despite the encouraging reports published by several authors regarding discography's usefulness after 50 years, considerable controversy remains concerning its indications, value, interpretation of its findings, and, for some, even its safety. Its validity as a test was first challenged by Holt 31 in 1968. He reported on a series of 30 prison inmates without a history of low-back pain; discography demonstrated abnormal painful discs in 36%. Holt concluded that the procedure was sensitive but not specific in identifying the disc as a pain generator in patients with chronic low-back pain.
Although there can be no dispute that false-positive and, rarely, false-negative results do occur in any diagnostic test, including discography, the details of Holt's technique and interpretation of his study 31 were believed by many authors to be flawed and biased. Walsh, et al., 64 and Simmons, et al., 58 critiqued Holt's study. They pointed out Holt's selection bias for exclusion of 23% of the injected discs, which were judged invalid because of technical difficulties. In addition, April and Bognuk 2 critiqued Holt's study, asserting that some of his "successful" discograms may have, in fact, reflected anular injections, which are known to be painful and can lead to inaccurate false-positive interpretations.
In 1990, Walsh, et al., 64 performed a controlled prospective study to establish the specificity of lumbar discography by comparing results in 10 asymptomatic volunteers with those determined in seven patients with chronic lowback pain. In their study, the discogram was defined as "positive" only when substantial pain was associated with an accurately placed injection in the nucleus (provocation). Based on this criterion, there were no positive discograms demonstrated in the asymptomatic individuals (a false-positive rate of 0% and a specificity of 100%). Walsh, et al., attributed the following factors to the improved validity of discography for identifying painful discs: 1) advances in fluoroscopic guidance for accurate needle placement; 2) the use of postdiscography CT scanning for the evaluation of the accuracy of intranuclear injection; and 3) the use of a less toxic contrast agent. By incorporating fluoroscopy and postdiscography CT scanning, these authors helped to establish the standards of modern-day discography. The authors of many other studies have subsequently demonstrated the combination of discography and postdiscography CT scanning to be quite sensitive in delineating disc degeneration and in pinpointing painful pathological discs. 3, 4, 9, 10, 14, 22, 24, 27, 32, 41, 43, 46, 47, 50, 53, 57, 59, 61, 63 
Discogenic Pain
Backache is a common ailment and its origin has often been elusive, especially when a herniated disc or severe spinal stenosis is absent. Abnormalities of the intervertebral disc and internal disruption of the anulus have long been considered potential sources of low-back pain. To be a source of pain, a structure must be innervated. There have been controversies regarding the innervation of the disc and whether the cause for pain was biomechanical or chemical. It is believed that the pain generated by discography occurs when anular fissures or nuclear herniations extend into the outer third of the anulus fibrosis. 46 Nerve endings from branches of the sinuvertebral nerves, the gray rami communicantes, and the lumbar ventral rami consistently innervate the outer third of the dorsal, lateral, and ventral aspects of the anulus respectively 7 ( Fig. 1) . In histological and immunocytochemical studies authors have documented the presence of a variety of nerve endings in the outer anulus. Neurotransmitters associated with nociception have been detected in the anulus and PLL. 51 Therefore, the disc does have the anatomical substrate to be a pain generator.
The authors of histochemical studies have shown that nerve endings in the anulus contain peptides, such as calcitonin gene-related peptide, vasoactive intestinal peptide, and substance P. These peptides have been shown to be associated with nociception. 1, 34, 65 The "concordant" discography-provoked pain response may relate to the stimulation of these nociceptive nerve endings by enzymes, such as phospholipase A2, and nuclear degradation products. 66 Additionally, there is evidence that an autoimmune response to the nucleus pulposus and its degradation products may incite an inflammatory response in the epidural space, dura mater, and nerve roots, thereby also triggering nociceptive nerve endings. 5, 26, 42, 48, 49, 60 Heggeness and Doherty 29 have documented endplate deflection during intradiscal injection, which could explain a mechanical component for discogenic low-back pain and the concordant pain of discography. The International Association for the Study of Pain defines lumbar discogenic pain and internal disc disruption in its classification of spinal and radicular pain syndromes. 44 Lumbar discogenic pain and internal disc disruption are defined as lumbar pain, with or without referred pain, stemming from an intervertebral disc. Discogenic pain is caused by internal disruption of the normal structural and biochemical integrity of the symptomatic disc. Discography is necessary to establish and confirm these diagnoses. In one prevalent study it has been reported that discogenic pain was demonstrated in 39% of patients with severe chronic low-back pain studied in tertiary practices.
51
Discography-Related Indications
Magnetic resonance imaging emerged in the 1980s as the procedure of choice to detect and characterize disc lesions. 54 It is a safe, noninvasive, nonpain-inducing test. It has been shown to be very sensitive in detecting abnormalities in disc morphology, and there is significant controversy as to whether discography adds any diagnostic data greater than those provided by the noninvasive MR imaging study. 52 Although plain radiography, myelography, CT scanning, and MR imaging all may demonstrate pathological degenerative changes of the spine, however, none of these studies alone or in combination can specifically identify the disc as a pain generator. Certainly, when the clinical problem is predominantly caused by radicular pain and suspected neural compression, MR imaging is indicated and, together with appropriate clinical findings, is usually sufficient for diagnostic purposes. Discography is not indicated or necessary to confirm the unequivocal presence of herniated discs that coincide with findings on clinical examination.
The primary indication for lumbar discography is chronic low-back pain with or without radicular pain in the absence of MR imaging-documented neural compression. Since the advent of the "open MR imager" for claustrophobic patients, the quality of the images has been variable. Discography can be used for identifying disc lesions and pain generators when MR images are equivocal. Discography is also indicated in the following scenarios: when clinical findings point to one level or one side and myelography or MR imaging indicates a different level, or when the disc protrusion is asymmetrical to the contralateral side of the patient's symptoms (Fig. 2) . In some cases, far-lateral disc herniations may be confused with nerve sheath tumors or hematomas. Again, discography is indicated to resolve these diagnostic dilemmas.
Discography is also useful in evaluating discs adjacent to previously fused lumbar segments. In cases in which a prior instrumentation-assisted lumbar fusion has produced a good result but in which the patient eventually develops recurrent back pain, these patients are good candidates for discography because MR imaging studies are often too considerably distorted by artifacts to demonstrate properly the discs adjacent to instrumented fusions. This is especially true in cases of lumbar fusion in which the hardware is composed of stainless steel (Fig. 3) .
Because it is a dynamic test, myelography is excellent for assessing the stability of the spine, especially in the case of spondylolisthesis. Magnetic resonance imaging is also useful in detecting clearly pathological stenosis and spondylolisthesis. Discography in these instances is indicated as a valuable adjunct for the study of equivocal MR imaging or myelographic findings adjacent to clearly pathological levels considered for fusion. Discs that are morphologically abnormal but cause no pain may be excluded from the fusion site 46, 52 (Fig. 4) . Discography may also be indicated to assist in the diagnosis of painful pseudarthrosis. 52 Discography can be performed in patients who have undergone attempted posterolateral lumbar fusion in which posterior lumbar interbody fusion has not been performed. A positive discogram at the "fused" level may identify a persistently painful disc, suggesting the need for disc removal and interbody fusion.
In addition to its positive uses of identifying offending lumbar segments and directing surgical treatment, discography can be indicated to identify patients who are poor surgical candidates. A patient's coping mechanism and pain tolerance often becomes very evident during discography. Some patients exhibit profound intolerance to mild nociceptive stimuli, even when narcotic agents have been administered and sedation induced. Patients in whom profound pain intolerance is demonstrated during discography are often very difficult to manage postoperatively and are more prone to developing chronic pain syndromes and failed outcomes. Discography can also be used to identify patients with psychological abnormalities or those for whom secondary gain issues may be at stake. Provocation of pain at levels that are morphologically normal on postdiscography CT scanning and MR imaging is a contraindication for surgical (or other invasive) intervention. 52 In addition, pain provoked at multiple levels in combination with equivocal morphological abnormalities often suggests the presence of secondary gain or psychological factors that are associated with poor surgical outcomes. Warranting discussion is the special condition in which there are concordantly positive discograms of multiple levels that are radiographically abnormal. In this circumstance, careful evaluation of potential secondary gain issues and further psychological testing may be necessary before treatments can be recommended.
Review of the literature suggests that successful outcomes after surgery for single-level disease can be expected in 75% or more of the cases. Discography in the lumbar spine ously, however, larger multilevel operations have higher risks of complications in addition to higher pseudarthrosis rates, which are associated with chronic pain syndromes and treatment-related failures. Risk factors for bone healing such as smoking, diabetes mellitus, and chronic steroid medication use should carry special importance when evaluating patients with multilevel conditions. The presence of one or more behavioral or physiological risk factors should emphasize discography's screening ability-that is, as a diagnostic test to identify patients with multilevel disease and with the potential for eliminating surgical treatment in this high-risk group.
Discography-Related Caveats
Recurrent disc herniations, especially when associated with significant epidural and perineural scar tissue, can present as diagnostic dilemmas. Magnetic resonance imagingwith and without contrast can identify recurrent disc herniations, 10, 22, 39, 40, 45, 54, 56 but often the diagnosis remains in question. Discography has been indicated, and often used, to clarify the significance of recurrent pain syndromes in patients who have undergone discectomies. In a prospective randomized study of the discography-provoked pain response in symptomatic and asymptomatic patients after limited discectomy, Carragee 11 showed that discography can have very high false-positive results and be of limited usefulness. Asymptomatic patients with normal psychometric test results and who previously under1went lumbar discectomy experienced significant pain when their previously operated discs were injected with contrast 40% of the time. 13 Symptomatic patients with normal psychometric test results experienced postinjection pain 63% of the time. In patients with abnormal psychological profiles, a significantly higher rate of painpositive disc injections was demonstrated than in either asymptomatic volunteers or symptomatic individuals with normal psychological profiles. 11 This identifies another subset of patients in whom discography alone is used to determine if the necessity of surgery is ill advised.
The interpretation of discographic results in elderly patients (Ͼ 55 years of age) should also be performed with caution. In a prospective study on the value of discography in different age groups, Vanharanta, et al., 62 found that the proportion of severely radiographically documented degenerated but painless discs increases with age. Therefore, discography may have limited usefulness in the elderly population.
LUMBAR DISCOGRAPHY TECHNIQUE
Preoperative instructions should be given to the patient. A discussion of discography-related risks should include the following: disc infection, superficial infection, bruising and swelling at the site, and flare up of pain. Other risks of dural procedure, post-dural puncture headache, neural injury, paralysis, and death should be also be discussed.
It is important to ask the patient about the exact location of his/her pain. The patient should complete a pain diagram. The amount of back pain compared with buttock pain and leg pain should be noted. A patient-related pain score should be determined prior to discography for comparison with one assessed after disc injection.
An intravenous line as well as normal saline-containing fluids should be started. Any allergy to contrast should be addressed, as should as the need for prophylactic medications such as Benadryl and a steroid agent. The patient is given a prophylactic 900-mg dose of Ancef, and the remaining 100 mg should be included in the contrast. Positioning of the patient is important. The difficulty of performing discography in the lumbar spine can be greatly reduced with the appropriate positioning. Some discographers prefer to place the patient in a lateral or prone position. A position in which the patient's body is slightly oblique and at a 45°angle to the bed and rotated forward is often optimum. This allows for less movement during the procedure (a drawback of a lateral position). There is no need to use restraints. Positioning the patient at a 45°a ngle allows much better visualization of the lumbosacral junction as well as for needle placement, reducing the chance of striking the iliac crest on needle insertion.
Blood pressure and pulse oximetry should be monitored.
Intravenous sedation is given, but the patient should be awake and coherent so that adequate feedback information is obtainable. Typically, the patient receives intravenous Versed with an opioid, usually Demerol or morphine. The patient should have a recollection of the discographic procedure. This is important because the referring surgeon will often ask the patient procedure-related questions at the follow-up visit.
The back is prepared, typically with Betadine, and draped. A mask, hat, and surgical gown are used to avoid further the chance of infection.
The fluoroscope is then positioned. Approaching the lumbosacral disc requires a cranial tilt of the C-arm at roughly 45°. The goal of tilting the C-arm is to obtain good visualization of the disc space. The endplates should be "crisp" or on the edge. At this point, the C-arm is tilted so that the SAP is in the midportion of the disc space. At this point, there should be a triangular opening to approach the disc. The SAP forms this triangle medially, laterally by the iliac crest and superiorly by the L-5 endplate.
The lumbar discs superior to L5-S1 are typically easier to enter because the iliac crest lies lower and is typically not obstructing the view of the disc space. Also less cranial tilt is needed with the C-arm as one progresses to adjacent discs. Typically, a straight anteroposterior view is sufficient for the L3-4 disc and the L2-3 disc will actually have somewhat of a caudad tilt. For all injected discs, the SAP should be at the midpoint of the disc with the edges of the endplates clearly visualized.
At this point, a local anesthetic (1% lidocaine) is infiltrated to the skin and musculature. The SAP should not be anesthetized because this may spread local anesthetic at the foramen and margin of the disc, increasing the chance of a false-negative response on discography. An appropriate-sized 18-gauge spinal needle is then placed through the musculature. This needle is placed via a right paramedian approach. Under fluoroscopy, this needle should strike the SAP. Typically, a 3.5-inch needle is sufficient. Once contact is made with the SAP, the needle is walked slightly lateral and at a midpoint between the endplates. Once the needle is clear of the SAP, the stylet is removed.
At this point, a 22-gauge spinal needle (typically 6 inches long) is inserted via the introducer needle. Before insertion a gentle curve is formed with the needle manually. The needle must pass lateral to the SAP yet medial to the exiting nerve root. Resistance and back pain will be noted on passing it through the anulus. Lancinating pain into the extremity likely suggests contact with the nerve root, at which point the needle is redirected. The use of a two-needle technique reduces the risk of disc infection. 12 Once penetration into the disc occurs, anteroposterior and lateral images of the disc are obtained. The needle tip should be in the center of the disc space on both of these views. Any deviation leads to the risk of anular injection of contrast.
Water-based iodine contrast (Isovue 300 or Omnipaque) is mixed with the remaining Ancef and prepared for injection. Intradiscal antibiotics may further reduce the risk of infection.
The use of a pressure syringe is suggested. The information obtained includes opening pressure, pressure at onset of pain, and maximum pressure. Opening pressure is noted when dye is appreciated within the disc space. The correlation of opening pressure and pressure at pain onset is important, potentially influencing surgical technique. The integrity of the disc can be determined by assessing the amount of pressure it can hold. An incompetent disc will "bleed off" pressure quite rapidly because of leakage of contrast. A typical "negative" or nonpainful lumbar disc should be able to hold pressure up to at least 90 mm H 2 O.
The disc morphological characteristics, presence of a complete or partial tear, and any epidural spread of contrast should be noted. A detailed discussion of the pain produced at the time of injection is mandatory. Questions include the location, intensity, and quality of pain. The patient should quantify his pain on a scale of 0 to 10. The pain should be classified as strongly concordant, partially concordant, or disconcordant.
Videotaping during discography is helpful-both of the disc injection phase and the patient's facial expression. This can help the surgeon to determine the response at the time of the injection (Click here to view Video Clip).
Pain mannerisms are important to note. Does the patient have good or exaggerated pain mannerisms? Will this suggest poor surgery-related outcome after lumbar fusion?
The suspected painful disc(s) should be injected last. A local anesthetic should not be injected into a painful disc after the contrast injection before proceeding to an adjacent disc. Any extravasation of local anesthetic to adjacent discs risks yielding a false-negative result. A normal and nonpainful (control) disc should be pursued within reason (Fig. 5) .
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CONCLUSIONS
Since its introduction in 1948, the direct injection of contrast medium into the intervertebral disc has been widely investigated. The results of these studies, and the public opinion regarding its validity as a predictor of a patient's pain generator, remain controversial. Unfortunately, no adjunctive test, preceding or proceeding the advent of discography, has been shown consistently to identify the cause of nonradicular low-back pain. Nevertheless, when used in conjunction with MR imaging and other tests, as well as a careful history and physical examination, discography may be useful in evaluating equivocal cases in which patients suffer intractable, chronic, and disabling low-back pain.
As with any other invasive test, discography is measured by its safety and its diagnostic ability. Since its initial use as a diagnostic test, however, discography has also been expected to predict surgery-related outcome. Carragee, et al., 12 performed a prospective study to assess the safety of discography. They concluded that lumbar discography is generally considered to be safe, with very rare complications of discitis and nerve injury. They also were able to answer a very pertinent question asked by physicians regarding the safety of this test: can discography cause long-term back symptoms in previously asymptomatic individuals? They concluded that no individual with normal psychometric test results suffered persistent pain after discography, whereas 40% of those with abnormal psychometric test results reported significant new lowback pain. Psychological test results and occupational disability strongly predicted continued pain after discography. Discography in individuals without low-back pain but with significant emotional and chronic pain problems may result in reports of significant back pain for at least 1 year after injection. Individuals in whom psychometric test results were normal reported no long-term back pain after discography. Therefore, not only is discography safe but it also can be used to identify potential problem patients unlikely to benefit from surgical intervention.
The knowledge of the relative ability of MR imaging to predict discography-related results is useful for the selection of diagnostic tests. If MR imaging findings correlate exactly with discographic results in predicting surgeryrelated outcomes, then an invasive diagnostic test such as discography would not be indicated. According to Bogduk, 6 four MR imaging features correlate with discographic features in predicting concordant pain response, providing diagnostic confidence of approximately 80%: 1) severe disc space narrowing; 2) bone marrow intensity change; 3) severe loss of nucleus signal; and 4) the HIZ. 6 Although valid, the first two of these characteristics occur too infrequently to be of routine diagnostic value. Only severe loss of nucleus signal and the HIZ constitute useful signs. Although they occur in only 25 and 20% of patients, respectively, their validity indicates that a diagnosis of low-back pain can be made on MR imaging in at least one of four patients with chronic low-back pain. Other studies place the prevalence of HIZ closer to 30%. 2, 28, 55 In additional different studies, Lam, et al., 36 and Ito, et al., 33 found the presence of HIZ to be 87% sensitive as a predictor of a concordant pain response. Therefore, in the 70 to 80% of patients who suffer from chronic low-back pain but in whom no severe loss of nuclear signal or HIZ is demonstrated on MR imaging, discography remains a useful diagnostic tool. It is also apparent in the literature that a concordantly positive pain response is extremely rare in cases in which MR imaging has detected the presence of a normal disc. 32, 33, 54, 55, 59 The use of discography should thus be limited to patients in whom MR imaging demonstrates abnormal findings that are nondiagnostic for internal disc disruption.
Finally, the true challenge of any diagnostic test is its ability to predict the outcome of patient treatment based upon the results of the test. Gill and Blumenthal 23 performed a study in which they conducted both discography and MR imaging in efforts to predict patient outcome. They found that patients with discography-induced concordant pain and an MR imaging-documented abnormality fared well 75% of the time with single-level L5-S1 fusion. Patients in whom MR imaging revealed normal findings but in whom discography provoked concordant pain only had a favorable outcome 50% of the time. 23 Colhoun and colleagues 18 performed a similar study with discography alone to predict outcome. They reported an 89% favorable outcome in patients in whom discography provoked concordant pain responses as opposed to a 52% favorable result rate in those with radiographically documented abnormal findings and no pain or absent nonconcordant pain. Therefore, although it is not perfect, discography does have significant predictive value of patient's surgery-related outcomes. Discography also is unique in being the only provocative test available to diagnose pain generators. Thus, because it is relatively safe and sensitive in identifying painful discs and it has predictive value for surgery-related outcomes in some instances, it should remain a useful diagnostic tool in the spine surgeon's armamentarium in the assessment of internal disc disruption and degenerative disc disease.
